G-quadruplex structures formed by guanine-rich nucleic acids are implicated in essential physiological and pathological processes and nanodevices. G-quadruplexes are normally composed of four Gn (n ≥ 3) tracts assembled into a core of multiple stacked G-quartet layers. By dimethyl sulfate footprinting, circular dichroism spectroscopy, thermal melting, and photo-cross-linking, here we describe a unique type of intramolecular G-quadruplex that forms with one G 2 and three G 3 tracts and bears a guanine vacancy (G-vacancy) in one of the G-quartet layers. The G-vacancy can be filled up by a guanine base from GTP or GMP to complete an intact G-quartet by Hoogsteen hydrogen bonding, resulting in significant G-quadruplex stabilization that can effectively alter DNA replication in vitro at physiological concentration of GTP and Mg
G
-quadruplexes are four-stranded structures formed in guanine-rich nucleic acids (1) (2) (3) . Canonical G-quadruplexes are composed of four tracts of consecutive guanines connected by three loops. The guanines in the guanine tracts (G tracts) are packed in a core unit (Fig. 1A ) of a stack of multiple G-quartet layers, each with four guanine bases connected by eight Hoogsteen hydrogen bonds (Fig. 1B) . G-quadruplex-forming sequences are not randomly distributed in the mammalian genomes but concentrated at physiologically relevant positions (4): for instance, promoters, telomeres, and immuno-globulin switch regions. These facts suggest G-quadruplex structures have implications in physiological processes. Indeed, experimental investigations have demonstrated the physiological function of G-quadruplexes in many aspects (5) (6) (7) (8) .
Studies on G-quadruplexes have mostly focused on sequences described by a consensus of G ≥3 (N 1-7 G ≥3 ) ≥3 , which can potentially form G-quadruplexes of three or more G-quartet layers with three loops of one to seven nucleotides ( Fig. 1A) (9, 10) . In recent years, the definition describing the capability of G-quadruplex formation has been broadened. Sequences with a loop up to 11 or 15 nucleotides were found capable of forming stable G-quadruplexes when the other two loops are sufficiently short (11, 12) . The continuity of guanines in G tracts was also relaxed by the finding of G-quadruplexes with broken (13, 14) or bulged (15, 16) G tracts. Besides these intramolecular G-quadruplexes in single-stranded DNA (ssDNA), we recently found a hybrid type of G-quadruplexes involving G tracts from both DNA and RNA transcript can form during transcription in double-stranded DNA (dsDNA) (16) (17) (18) (19) . In this case, a G-quadruplex may form with as few as two G tracts defined by G ≥3 (N 1-7 G ≥3 ) ≥1 on the nontemplate DNA strand instead of four. Although the DNA:RNA hybrid G-quadruplexes of three or more G-quartets are very stable, less stable hybrid G-quadruplexes of two G-quartets can also form in transcription (19) . Moreover, our study showed a DNA:RNA hybrid G-quadruplex could form in transcribed mitochondrial DNA in competition with a bulge-bearing G-quadruplex, which may participate in priming the initiation of DNA replication (16) . This example demonstrates that the structural polymorphism of G-quadruplexes has implications in physiological processes.
In this work, we describe a unique type of G-quadruplex bearing a guanine vacancy (G-vacancy) in a G-quartet layer. Such structures can form with one G 2 and three G 3 tracts in ssDNA and in transcribed dsDNA as well. By accepting a guanine base from guanine derivatives, such as GMP or GTP in solution, the G-vacancy is filled up to form an intact core unit, resulting in an enhanced thermal stability of the G-quadruplexes in a concentration-and charge-dependent manner. At physiological concentration of GTP and Mg 2+ , the stability enhancement can significantly affect in vitro DNA replication. In supporting the formation and functional role of the G-vacancy-bearing G-quadruplexes (GVBQ) in cells, we found that sequences with potential to form GVBQ are preferentially selected at the 5′ end of genes in both eukaryotic and prokaryotic organisms. Because guanine derivatives are natural metabolites in cells, we speculate the GVBQs may provide regulation in response to intracellular level of guanine derivatives, making them distinctive from the canonical G-quadruplex structures.
Significance
Guanine-rich nucleic acids fold into a four-stranded structure named G-quadruplex that has implications in essential cellular processes, pharmaceutical applications, and nanodevices. We found a unique type of G-quadruplex that contains a G-vacancy and is stabilized by guanine derivatives such as te physiological concentration of GTP by fill-in at the G-vacancy of a guanine base. In response to changes in the concentration of guanine derivatives, this type of G-quadruplex is able to manipulate the tracking activity of protein on DNA as exemplified by a DNA polymerasecatalyzed DNA synthesis. Because guanine derivatives are natural metabolites in cells, such G-quadruplexes may potentially play an environment-responsive regulation in cellular processes, a functional property not found in the canonical G-quadruplexes.
Results
G-Quadruplex Formation in G 2 /3G 3 ssDNA and G-Quartet Completion by G Fill-In. Previous studies in our laboratory suggested that GMP or GTP might affect the structure of the G-quadruplex. To perform a systematic investigation, we first studied three ssDNAs containing a native (MYOG-3332) or modified G-core (MYOG-2332 and MYOG-3333) sequence from the MYOG (Myogenin) gene of human in 50 mM K + solution containing PEG 200. The three MYOG DNAs effectively formed intramolecular G-quadruplex as judged from a native gel electrophoresis (Fig. S1 ). Circular dichroism (CD) spectroscopy showed, with a characteristic positive peak at 295 and 265 nm, the MYOG-2332 might form an antiparallel G-quadruplex, whereas the other two DNAs might form a parallel G-quadruplex according to the positive peak at 265 and negative peak at 245 nm ( Fig. 2A) .
The effect of GMP on G-quadruplex formation was analyzed by dimethyl sulfate (DMS) footprinting (20) (Fig. 2 B and C) , in which guanine residues in a G-quadruplex were protected from methylation and subsequent cleavage by the Hoogsteen hydrogen bonds at the N7s (Fig. 1B) . DNAs in Li + solution without PEG were used as structure-less references because PEG can promote G-quadruplex formation under salt-deficient conditions (21) . It was anticipated that the Gs in a G tract would be better protected in K + than in Li + solution. In principle, the MYOG-2332, with a G 2 -G 3 -G 3 -G 2 arrangement of G tracts, is able to form a G-quadruplex of two G-quartet layers. In agreement with this, greater protection to two Gs in each G tract was observed in K + than in Li + solution, with an exception that the first G in the G 3 tract immediately downstream of the first G 2 tract from the 5′ end was heavily cleaved in K + solution with a magnitude greater than that in the Li + solution (Fig.  2C , Top, red arrowhead). Previous studies showed that such hypercleavages could occur at the Gs in the terminal G-quartet of a G-quadruplex, and the reason for that was not clear (22) . Addition of GMP to the DNA did not alter the cleavage (blue vs. green peak).
For the MYOG-3332, which had a G 3 -G 3 -G 3 -G 2 arrangement, the two G 3 tracts in the middle of the sequence were well protected in K + solution without GMP (Fig. 2C , Middle, green curve). Like the MYOG-2332, hyper-cleavage was also observed at the last G in the first G 3 tract from the 5′ end (Fig. 2C , Middle, red arrowhead). Given the parallel folding topology of this DNA suggested by the CD spectrum ( Fig. 2A) , a preferable structure was deduced to fit this particular protection pattern (Fig. 2D, left scheme) . This structure consisted of two intact G-quartets and one G-vacancybearing G-quartet or G-triad in which two guanine residues would be protected by Hoogsteen hydrogen bonds and one be exposed to cleavage (Fig. 1C) . The hyper-cleaved G became protected once GMP was added (blue vs. green peak), suggesting that the exposed N7 formed a Hoogsteen hydrogen bond. This fact implied that the G-vacancy was filled up with a guanine from GMP, resulting in an intact G-quartet to protect the G in the G-triad (Fig. 2D, right  scheme) . Such a G fill-in made the DMS profile of MYOG-3332 with GMP resemble that of the MYOG-3333. In the MYOG-3333, a G-vacancy was not present or, in other word, was filled up by an endogenous guanine (Fig. 2E) ; therefore, no hyper-cleavage and corresponding protection were seen in the absence or presence of GMP (Fig. 2C , Bottom). We also analyzed another set of DNAs derived from the HIF1α (hypoxia inducible factor 1, alpha subunit) gene ( Fig. 3) that had a reversed G-tract arrangement of G 2 -G 3 -G 3 -G 3 and different loops. Similar results were obtained with respect to the CD spectrum, hyper-cleavage, and its protection by G fill-in. In both sets of DNA, the protection mediated by G fill-in was G-vacancy specific because it was not seen with the 3-3-3-3 G tract arrangement (Figs. 2C and 3C, Bottom). The protection was also G-quadruplex specific because protection was not seen for the orphan G (black arrowhead in Fig. 3B , lane 5, and 3C, Middle).
G Fill-In Requires N7 and Depends on Guanine Derivative Concentration and Charge. We further compared 7-deaza-GTP (dzGTP), GTP, and GMP for their ability to fill-in the G-vacancy in the GVBQ of the MYOG-3332, which was assessed by the protection to the corresponding G residue prone to hyper-cleavage (Fig. 4A , red arrow) in DMS footprinting. With its N7 being replaced by a carbon, dzGTP is unable to form a Hoogsteen hydrogen bond; as a result, dzGTP brought little protection to the hyper-cleavage ( the repulsion between the negative charges in the DNA and GTP/ GMP. In correlation with this, a better protection was seen with GMP than with GTP.
G Fill-In Stabilizes GVBQs. G-quadruplexes of two G-quartets are much less stable than those of three G-quartets (19) . We examined the thermal stability of the structures formed by the MYOG DNAs (Fig. 6A ) by thermal melting monitored by FRET (23) in 50 mM K + solution. Among them, the two G-quartet G-quadruplex formed by MYOG-2332 showed the lowest stability with a T 1/2 of 51°C. On the other hand, the G-quadruplex of three G-quartets formed by MYOG-3333 was too stable, such that a top plateau could not be obtained in the melting curve and so was the T 1/2 . For this reason, we lowered the K + to 1 mM and obtained an intact melting curve, which yielded a T 1/2 of 78°C. With an additional G-triad at one side of a two G-quartet G-quadruplex, the GVBQs of MYOG-3332 showed stability (T 1/2 = 68°C) between that of the MYOG-2332 and MYOG-3333.
Completion of an intact G-quartet by G fill-in enhanced the stability of the MYOG-3332 GVBQ in a concentration-dependent manner (Fig. 6B ). GTP and GMP at 5 mM enhanced the T 1/2 of the GVBQ by 3 and 5°C, respectively (Table S1) . A smaller increment in the T 1/2 for the GTP than for the GMP reflected a charge dependence, which was fully in agreement with the protection to the hyper-cleaved guanine in the DMS footprinting (Fig. 4) . dzGTP failed to stabilize the MYOG-3332 GVBQ because of its inability to form the required Hoogsteen hydrogen bond in the G fill-in. Again the G-vacancy dependence was also indicated by the fact that the G-quadruplex of MYOG-3333 was not stabilized by the two compounds. Similarly, the GVBQ formed by the HIF1α-2333 was also stabilized by GMP and GTP but not by dzGTP (Fig. S3A) .
Confirmation of G Fill-In in GVBQ by Photo-Cross-Linking. The requirement of G-vacancy and Hoogsteen hydrogen bonding in our aforementioned results strongly supported a G fill-in in the G-triad-to-G-quartet conversion. To further confirm this, we synthesized a trifunctional compound sulfosuccinimidyl-2-[6-(biotinamido)-2-(p-azidobenzamido) hexanoamido]ethyl-1,3′-dithiopropionate (SBED)-GMP ( Fig. 7A and Fig. S4 ). The molecule carried a guanine base that can fill-in a G-vacancy, a phenyl azide group that can react with the primary amine in adenine, guanine, and cytosine to covalently crosslink a DNA, and a biotin moiety that can bind a streptavidin. We incubated the three MYOG DNAs separately with the SBED-GMP and induced cross-linking by UV light. The DNAs were then resolved by denaturing electrophoresis. Cross-linking occurred in the MYOG-3332 as indicated by an extra band migrating behind the original DNA (Fig. 7B, lane 6) . In contrast, little cross-linking was seen in the other two DNAs. Because the SBED-GMP had a biotin, the crosslinked MYOG-3332 could be further shifted by streptavidin in a native gel electrophoresis (Fig. 7C, lane 6) . These results therefore confirmed the G fill-in in the GVBQ of MYOG-3332. Cross-linking and mobility shift was also observed with the HIF1α-2333 GVBQ (Fig. S5) .
GVBQ Formation, G Fill-In, and Stability Enhancement in Other G 2 /3G 3 Combinations. Our aforementioned results used DNA with a G 3 -G 3 -G 3 -G 2 or G 2 -G 3 -G 3 -G 3 G-tract arrangement. In general, the G 2 tract can be placed at four different positions. To find out the generality of G fill-in, we tested three additional native sequences from human genes, namely, LRRC42 (leucine rich repeat containing 42), ABTB2 [ankyrin repeat and BTB (POZ) domain containing 2], and TSC22D3 (TSC22 domain family, member 3), which had an arrangement of G 3 -G 3 -G 2 -G 3 , G 3 -G 2 -G 3 -G 3 and G 2 -G 3 -G 3 -G 3 , respectively (Fig. S1 ). Similar to the MYOG-3332, the three DNAs all featured a positive peak at 265 nm and a negative peak at 245 nm in their CD spectrum, suggesting they formed parallel G-quadruplexes (Fig. S6A) .
In DMS footprinting, the G tracts in all DNAs were better protected in K + than in Li + solution (Fig. S6 B-G) , except the hyper-cleavage in the G 3 immediately downstream of the G 2 tract as we saw in the MYOG-3332. Unlike the MYOG-3332, which showed only one hyper-cleavage peak, the LRRC42 and ABTB2 displayed two hyper-cleavage peaks at both the 5′ and 3′ G in the G 3 tract, which were all prevented by GMP (Fig. S6 B, C, E, and F, red arrowhead). This particular cleavage/protection pattern could be explained by an alternative G fill-in to the two ends of the G 3 tract (schemes on the right side of the panels). In TSC22D3, the cleavage/ protection more or less resembled that in the MYOG-3332 in that the Gs in the G tracts were all protected except the first G in the G 3 tract immediately downstream of the G 2 tract (Fig. S6 D and G, red arrowhead). The hyper-cleavage seems to be a common feature in all of the DNAs, implying that the unprotected guanine in the G-triad (Fig. 1C , red circle) was highly exposed to chemical attack in the DMS footprinting and rescued by the G fill-in. Again, the orphan Gs was not protected in the three DNAs (Fig. S6 B-G, black arrowhead), further confirming that the G fill-in was specific to G-vacancy. The GVBQs formed in these DNAs were also stabilized by a G fill-in with GTP and GMP (Fig. S3 B-D) . At 5 mM, GMP led to an increment in T 1/2 of 7, 12, and 10°C, respectively, for LRRC42, ABTB2, and TSC22D3, whereas GTP was less effective. Similarly, dzGTP failed to stabilize any GVBQ, indicating a requirement of Hoogsteen hydrogen bonding. For comparison, the melting data were summarized in Table S1 . Again, the G fill-in for the three DNAs was also confirmed by cross-linking with SBED-GMP and subsequent mobility shift with streptavidin (Fig. S7) .
GVBQ Formation and G Fill-In in G 2 /3G 3 ssDNA in Solution Without PEG.
Our aforementioned experiments were carried out in a K + solution containing PEG. PEG stabilizes G-quadruplexes (21, 24) , thus benefiting their detection in vitro. We also assessed the formation of GVBQs and G fill-in in PEG-free K + solution. CD spectroscopy showed that MYOG-3332, LRRC42, ABTB2, and TSC22D3 ssDNA might all form parallel G-quadruplexes (Fig. S8A) . In DMS footprinting, the four DNAs all displayed hyper-cleavage and protection pattern (Fig. S8 B-F ) similar to those obtained in the K + solution containing PEG (Figs. 2C and 3C and Fig. S6 E-G) . G fill-in was also detected by photo-cross-linking and mobility shift with SBED-GMP (Fig. S8G ). All these results showed that the formation of GVBQ and G fill-in also occurred in the absence of PEG.
G-Quadruplex Formation in Transcribed G 2 /3G 3 dsDNA. Here we show that GVBQ can also form in dsDNA in transcription. Three dsDNAs containing the MYOG-3332, MYOG-2332, and MYOG-3333 G-core were transcribed in the presence of dzGTP, GTP, and GMP. G-quadruplex formation was analyzed by DMS footprinting. For the MYOG-2332 (Fig. 8A, lanes 1-4) , transcriptions in the presence of different guanine derivatives all led to a protection to two Gs in each G tract (Fig. 8B, Top) , indicating that G-quadruplexes of two G-quartets formed. For the MYOG-3332 (Fig. 8A,  lanes 5-8) , transcription with dzGTP resulted in a protection to only two Gs in each G 3 tract (Fig. 8B, Middle) . Because dzGTP lacked the N7 and thus prevented the RNA transcript from forming G-quadruplex, the protection pattern indicated that an intramolecular DNA G-quadruplex of two G-quartets formed (Fig. 8C, left  scheme) . However, when we supplied GMP with dzGTP or conducted the transcription with GTP and GMP, the previously cleaved Gs in each G 3 tract became protected. The magnitude of protection in these two cases was similar to but less than that to the G 3 tracts in the MYOG-3333 (Fig. 8B, Bottom) , which was capable of forming a G-quadruplex of three intact G-quartets.
The protection of all of the Gs in the G 3 tracts in the MYOG-3332 brought by GMP/GTP suggested a formation of new forms of G-quadruplexes in which all of the Gs in all of the G 3 tracts participated in G-quadruplex assembly. In principle, there were two possibilities. First, the new G-quadruplexes might involve an alternative alignment of the G 2 to the 5′ or 3′ side of the G 3 tracts (Fig.  8C) . However, it is difficult to imagine how GMP/GTP in solution would drive such a change in the alignment. The fact that the protection was seen with GMP/GTP and not with dzGTP implied formation of a Hoogsteen hydrogen bond at the N7 was required for the protection. Given this, then a plausible interpretation would be a formation of GVBQ of three G-quartets with a G-vacancy in a terminal G-quartet (Fig. 8D, center scheme) . The guanine base from GMP or GTP then filled up the G-vacancy to complete a G-quartet (Fig. 8D , right scheme), and thus, protect all of the Gs in the G 3 tracts from cleavage. dzGTP failed to do so because it lacked the N7 to form the required Hoogsteen hydrogen bond in the G-quartet.
Effect of GVBQ and G Fill-In on in Vitro DNA Replication. We examined the effect of GVBQ stabilization by GMP/GTP on an in vitro DNA replication in which primer extension was catalyzed by DNA polymerase through a GVBQ-containing DNA template. The GVBQ caused premature termination (PT) of replication, which was significantly enhanced by both GMP and GTP (Fig. 9 A and  B) . For MYOG-3332, the PT at the GVBQ increased by more than threefold at 1 mM GMP/GTP. Because GMP/GTP at 1 mM increased the T 1/2 of the MYOG-3332 GVBQ by only 1-2°C (Fig.  6B) , we reasoned that the interaction between the GVBQ and GMP/GTP might be reinforced by the Mg 2+ in the reaction buffer. Indeed, a more dramatic increase in the T 1/2 of the GVBQ of MYOG-3332 and TSC22D3 was observed in the presence of physiological concentration of 2 mM Mg 2+ (25, 26) (Fig. 9C) . Particularly, GTP became as effective as GMP in stabilizing the GVBQs. The effect of GMP/GTP was GVBQ specific because they had little effect on the random DNA without a GVBQ and MYOG-3332 and TSC22D3 when they were replicated in Li solution that does not stabilize G-quadruplex (Fig. 9A) . We attempted to examine the effect of GVBQ on in vitro transcription by T7 RNA polymerase but did not succeed because efficient RNA synthesis requires starting with a guanine residue such that GMP or GTP had to be used in all samples.
Occurrence of GVBQ-Forming Motifs in Eukaryotic and Prokaryotic
Genes. To seek information regarding the potential formation and function of GVBQ in cells, we conducted bioinformatic surveys on the distribution of GVBQ-forming motifs in both eukaryotic and prokaryotic genes. The results show that such motifs are enriched near the transcription start site (TSS) in mammalian genes ( Fig. 10  A and B) , suggesting that GVBQ may form and play a functional role in cells. A survey of the whole human genome (hg19) found a total of ∼220,000 potential GVBQ-forming motifs with a G-tract combination of G 2 /3G [3] [4] , which is in the same order of that of the canonical G-quadruplex forming motifs (360,000) found in this survey. Although a survey on a single lower species, such as Saccharomyces cerevisiae, did not result in a clear occurrence pattern (27) because of limited number of genes, we were able to obtain one when 53 fungi species available in the Ensembl genome database, including S. cerevisiae, were analyzed. The results showed a positive selection of GVBQ-forming motifs on the template DNA strand and a small negative selection on the nontemplate DNA strand around TSS (Fig. 10C) . Because TSS coordinates are not available for bacteria, we only surveyed within bacteria genes. The results from 4,222 chromosomes available in the National Center for Biotechnology Information (NCBI) database showed a strong positive selection of such motifs on the template DNA strand near the 5′ end of genes, but not on the nontemplate DNA strand (Fig.  10D) . The distribution of GVBQ-forming motifs in all of the analyzed organisms closely resembled that of the canonical G-quadruplexes (Fig. 10 E-H) except in a lower frequency. All these results are supportive of the existence and functional role of GVBQs in the eukaryotic and prokaryotic kingdoms.
Discussion
In this work, we found a different type of intramolecular G-quadruplexes that can form in sequences not following the consensus of G ≥3 (N 1-7 G ≥3 ) ≥3 . Using one G 2 and three G 3 tracts, the G-quadruplexes contained a G-triad layer or, in other words, an incomplete G-quartet with a G-vacancy at one corner. The G-vacancy can be filled up by a guanine base when it is available from solution to complete a G-quartet. The G fill-in was indicated by the requirement of N7 in the guanine base needed for the formation of a Hoogsteen hydrogen bond in a G-quartet, supported by protection to guanine hyper-cleavage and G-quadruplex stabilization, and further confirmed by photo-cross-linking, all in a G-vacancy-and N7-dependent manner. This finding expands not only the possibility of G-quadruplex formation in guanine-rich nucleic acids, but also the structural diversity of G-quadruplexes. One unique characteristic of the GVBQs distinctive from the canonical G-quadruplexes is their capability to interact with guanine derivatives. By a G fill-in of a G-vacancy, the G-quartet completion doubles the number of Hoogsteen hydrogen bonds from 4 to 8 in the G-quartet (Fig. 1C) , resulting in a full stacking with the neighboring G-quartet. Therefore, the GVBQ is dramatically stabilized by GMP/GTP and the stabilization is further enhanced by physiological concentration of Mg 2+ . In the presence of 2 mM Mg 2+ , GTP is as effective as GMP in stabilizing GVBQs (Table S1 ) and affecting replication (Fig. 9) . Guanine derivatives, such as GMP, GDP, and GTP, are natural metabolites in cells. As the most dominant species, free GTP content is ∼0.5 mM in animal (28) and ∼5 mM (29) in bacterial cells. Free Mg 2+ content ranges from 0.15 to 6 mM in animal (25) and 2-3 mM in bacterial cells (26) . The stability and the replication of GVBQcontaining DNA could be effectively manipulated by submillimolar and millimolar GTP (Fig. 9 ). This fact implies that the intracellular GTP level in both animal and bacterial cells is able to influence the stability of GVBQs and likely the related cellular processes. The in vitro formation of GVBQ and G fill-in with physiological concentration of GTP, as well as the enrichment of GVBQ-forming motifs near the 5′ end of genes, support the formation of GVBQ in cells. The ability of the GVBQs to response to changes in the concentration of guanine derivatives suggests a possibility for the GVBQs to play environment-responsive regulation in cellular processes. On the other hand, the G fill-in may also constitute a unique pathway for drug targeting toward such regulations. Because their number in the human genome is comparable to that of the canonical G-quadruplexes, the GVBQs represent a unique category of G-quadruplex structures distinctive from the canonical G-quadruplexes.
In our current study, only G 2 /3G 3 DNAs were used. Sequences with potential to form GVBQs may go beyond this rule. For instance, a G 2 tract may combine with three G tracts with three to four consecutive guanines (G 2 /3G 3-4 ). GVBQs may also form with a G tract format of G n-1 /3G n (n ≥ 3) with n − 1 intact G-quartet layers. We also expect that a GVBQ may accommodate more than one G-vacancy when having sufficient number of intact G-quartets. These possibilities may further diversify the formation of GVBQs and their physiological implications.
Materials and Methods
Details are in SI Materials and Methods, including chemicals and oligonucleotides, preparation of DNAs, in vitro transcription, DMS footprinting, CD spectroscopy, photo-cross-linking, EMSA, thermal melting, DNA polymerase stop assay, and computational survey. Fig. 10 . Distribution of potential GVBQ-forming motifs in comparison with the canonical G-quadruplex-forming sequences (GQ) in prokaryotic and eukaryotic genes. Motifs bearing one G 2 and three G 3-4 tracts, with loop sizes from one to seven nucleotides, are counted on both the nontemplate (red) and template (green) DNA strands. Survey on fungi and bacteria covered genes from 53 strains and 4,222 chromosomes, respectively, whose sequences were available in the Ensembl and NCBI database. Frequency was normalized to the number of sequences and expressed as the number of occurrences in 100 sequences in a 100-(human, rat, and fungi) or 25-nt (bacteria) window.
